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the hydrology of coalbed methane reservoirs and the interplay of
gas, water, and coal in cbm production
leslie nogaret, Engineer-Hydrologist, SI International/Pendergast Sarni Group

I

’m going to give a very general overview of the hydro
geology of coalbed methane reservoirs. This general
overview is meant to be more technical in nature. I’m not
going to discuss permitting or anything to do with legal
issues. An outline of my talk is as follows: A review of
coalbed methane production mechanisms, then I’ll
launch into the hydrogeology, and finally, I’ll finish with
a little bit of simulation.
First, an introduction. Some of these statistics may
be a little dated. They were published in 2000, but
you’ll get a general sense of trends. Gas from coalbed
methane accounts for 7.5 percent of U.S. gas production, and recoverable resources are estimated to be 141
Tcf. The Powder River Basin, as we have seen already,
has been one of the most active areas for coalbed
methane production since 1997. And the Powder River
Basin is going to be a topic of discussion tomorrow. So
for these two reasons, I’m going to draw on the Powder
River for some of the examples throughout my talk.
Once again, here’s the location of the Powder River
Basin in Wyoming and Montana. On the left, you can

from Rice, C.A., M.S. Willis, and J.H.Bullock, Jr., Water coproduced with coalbed methane in the Powder River Basin, Wyoming:
Preliminary compositinal data, USGS Open-file report 00-372,2000.
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see the basin axis. If we were to take a vertical cross-section through this basin we would get the following, (see
slide above). This is a very general schematic view of a
vertical cross-section of the Powder River. You can see
that the coal zones are located predominantly in the Fort
Union formation.
Note the two confining layers overlaying and underlying the coal. These are layers of lower permeability. This is
very general because the confining layers are present in
some areas of the basin and not in others. Overlaying and
underlaying these confining layers are aquifers. And you’ll
notice that the upper aquifer actually extends up the unsaturated zone, which extends to the surface. The boundary
between the unsaturated zone and the upper aquifer represents the water table. Below the water table, water saturation is 100%, and above it, water saturation decreases and
air saturation increases toward the ground surface. There
are two things I’d like you to remember from this slide.
One is the presence or lack of these confining layers around
the basin; and the other thing to note is the possible communication from the surface through the unsaturated zone
to the upper aquifer.
The next slide shows a few statistics of the Powder
River Basin. There were 270 wells in March of 1997.
This grew to nearly 2,500 by March of 2000. 15 to
17,000 wells are projected for the next 20 to 30 years.
Methane production increased from 35,000 to 333,000
Mcf per day from 1997 to 2000. And water production
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increased from 130,000 to 1.28 million barrels per day
during that same time period.
This slide shows these statistics in graphical form. The
left axis is gas and water rate, and this axis is actually logarithmic in scale. And the X axis is time. So the water
and gas rates you see increase exponentially. The producing well count is shown on the right axis, and the number of wells is shown by the brown curve. You can see
the number of wells is also increasing exponentially.
Next I’m going to briefly review the coalbed
methane production mechanism we saw in Steve’s talk
earlier. During coalification, methane-rich gas is generated and stored in the coal matrix, and it’s actually
adhered onto the surface of the coal. We call this adsorption. Due to the large internal surface area of the coal, it
can store six to seven times the amount of gas stored in
a conventional reservoir of equal rock volume. Water
permeates the coal, and the pressure of this water holds
the methane adsorbed to this coal. To produce methane
we need to produce water to lower the pressure and desorb that methane from the coal. Once it’s desorbed, the
methane can diffuse through the matrix to the cleats, where
it flows to the wellbore and can be produced.
Our next slide shows this process in a schematic, where
we have a coalbed overlain by a non-coal unit. This noncoal unit could be an aquifer or a shale or silt. And then
we have our natural fracture system, or cleats. We have
two types of cleats, the face cleats and butt cleats. The face
cleats are aligned along the direction of maximum com-

cbm production mechanism
• During coalification, methane-rich gas is generated
and stored in coal matrix ->adsorption
• Large internal surface area of coal means it can store
6–7 times the gas stored in a conventional reservoir of
equal rock volume
• Water permeates coal, and its pressure traps methane
within the coal
• Water must be produced to lower pressure and desorb
methane.
• Methane diffuses through coal matrix to cleats, where
it flows to the wellbore and is produced

pressive stress. And the butt cleats are perpendicular to
this. If we drill a well here and permeate the coal and start
producing water, the methane will diffuse through the
matrix to the cleat system where it can be produced.
The slide in the next column shows a typical coalbed
methane production curve, which we’ve also seen today
already. This is rate versus time; water production is the
solid line, gas production is the dotted line. In general,
coalbed methane production can be divided into three
phases. The first phase is characterized by a high water
rate and a very low gas rate. Gas rates can be inclining or
declining, depending on relative permeability. The
boundary between phases one and two is when we’ve
reached our minimum bottom hole pressure in the well,
and we have also reached our desorption pressure. At this
point, water rate starts to decrease, and we really see an
increase in our methane rate. At the end of phase two,
water rate is pretty low. Phase three, therefore, is characterized by a decline in gas rate that looks like that for
conventional gas reservoirs and very low water rates.

from GRI, A Guide to Coalbed Methane Reservoir Engineering, 1996.

There are two things I’d like for you to note from this
slide: First, I’d like you to remember this slide and take it
into consideration, because I’ll show some examples of
production later on that don’t look like this.Seond, note
the fact that we really have most of our water production
in phase one. As we drill more wells, total water produc-

reservoir hydrogeology
• Cleats
• Fractures and faults
• Structure
• Stratigraphy
• Leakance
• Flushing
• Re-injection
• The coal is an aquifer itself!

tion will increase, but total water production for the
basin is likely to decrease if no new wells are drilled.
Finally, I’m going to get into hydrogeology now. I’ve
separated the hydrogeology into three zones of interest.
One is the coalbed methane reservoir itself; the second is
surface hydrology; and then third is the interaction
between these two zones. So first, for the reservoir, the
following features can affect the hydrogeology in the
coalbed methane reservoir:
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•
•
•
•

Cleats; larger scale cleats, or fractures, and faults
Structure
Stratigraphy
Leakance—this is leakance into the coalbed methane
reservoir
• Flushing of water through the coalbed methane
reservoir
• Reinjection, which was discussed in detail this morning
One thing that I’d like you to remember throughout
the rest of the presentation is that the coalbed is actually
an aquifer itself.
So first the cleats. The cleats are formed during coalification due to shrinkage. In general, increased depth
closes these cleats, which is why we look for relatively
shallow reservoirs. Cleat permeability in the Powder
River Basin ranges from 100 millidarcies to one Darcy.
This is a great permeability, corresponding to a wellcleated system. But there are pros and cons for good
cleating. The pros are that good cleating leads to high
permeability and rapid localized dewatering and methane
desorption. The cons are that the water may move laterally over large distances, which would require the need
for small well spacing.
Next, fractures and faults. The main issue to be concerned with fractures and faults is that they may connect
to a neighboring aquifer or to the surface, which would
provide an influx of water via recharge which would
make the dewatering difficult.
The next influence on hydrology is structure. Recharge
may occur if a coalbed outcrops at the surface, which
makes dewatering difficult. Another issue to think about
is if the coalbed is dipping. And this draws on the fact
that the coal is an aquifer itself. The coalbed has two phases. Gravity is going to dictate how these two phases, water
and gas, like to segregate. If the coalbed is dipping, care
must be taken to place wells in locations in the coalbed
reservoir to optimally extract desorbed gas. The next slide
shows this schematically. This slide shows a numerical
model of a vertical cross section of a coalbed reservoir.
The model is five blocks across and over 100 blocks deep.
For this example, we have actually eight coal seams
interbedded with sands, silts and shales. The deepest coal
seam was at the bottom of this cross section. The vertical
black lines in the middle block represent the well. The
colors are gas saturation, pink is low and green is high.
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Note that the potential for the gas to migrate to the well
due to the pressures gradient was overcome by the potential for the gas to migrate vertically due to gravity. In
this study, we recommended to complete wells in an
upper interval, perhaps a coal that was thinner and not as
attractive, in order to collect the desorbed gas.
Stratigraphy is another influence on hydrogeology.
Desorbed gas could migrate to an overlying aquifer if
gravity forces exceed the pressure gradient to the well. If
there’s communication with aquifers, dewatering is difficult. If there is no communication, due to the presence of
confining layers, we must take care that we don’t penetrate into neighboring aquifers with hydraulic fractures.
Leakance is another influence on hydrogeology.
Leakance was presented elsewhere by Onsager and Cox,
who showed that if aquifers are well-connected to the
coal, leakance can be high, and this can lead to a steadystate pressure environment that deters dewatering efforts.
What that basically means is water influx into the coal is
as fast as water production from the coal. They gave
examples for the Powder River Basin, because they
looked at some of the production profiles for the Powder
and they did not look like the profile I showed you previously. One end result was that they found the higher
the leakance, the tighter the well spacing required to
dewater the coal and desorb the gas.
I’m going to show you just one example of one of
those production profiles. This slide shows Powder River
well production on 160-acre spacing. The y axis is rate
and the x axis is time. Water is shown in blue, and gas is
red. This slide is unlike the typical production profile I

from Onsager, P.R., and D.O. Cox, Aquifer controls on coalbed
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showed earlier, where water rate had a steep decline.
Here we see a constant water rate. This is because the
water that influxes from the aquifer recharges the water
that is produced from the coal. The gas rate also looks different from what we saw before, although it has some
decline. The peak gas rate is about 10 to 30 Mcf per day.
The typical production profile in the previous slide had a
higher peak gas rate. Note that in this example, the
incline is steep and so is the decline. This is because the
methane was not able to desorb efficiently due to the
pressure support provided by leakance. Onsager and Cox
were able to model this behavior using a simulator, and
their results are shown on the next slide. You can see that
they reproduced the constant water rate and the increase
in methane rate to a maximum of 10 to 30 Mcf per day,
followed by a steep decline.
Flushing is another influence on hydrogeology. This
is merely a hypothesis at this point, presented by
Professor Mark Bustin at the University of British
Columbia. He has hypothesized that groundwater can
flush methane from coal over geologic time, due to a dissolution process in the coal. This hypothesis could be
possible, even with the relatively low solubility of
methane in water. This can explain some situations
where the coalbeds have been undersaturated.
Lastly, this is something to do with hydrogeology that
was discussed in detail earlier, and I’m merely touching
on it here—the issue of reinjection. Care must be taken so

that a reinjection zone does not communicate with the
coal, because pressure support makes dewatering difficult.
Some other issues to do with reinjection are as follows:
plugging of injection wells must be avoided. Suspended
solids must be removed, and precipitation of dissolved
solids must be avoided. One way we can do that is to
maintain a low pH, which prevents precipitation of iron,
the most common plugging agent, and manganese.
Lastly, water compatibility issues are important in reinjection. High sulfate water should not be mixed with
water containing appreciable amounts of barium and
strontium. And again, low pH prevents formation of
calcium scale.
The next zone of interest in hydrogeology is the
surface. We saw a presentation this morning that went
into this in more detail. This is surface hydrology, and
here again the issue is really disposal of produced water.
There are two issues, which are water quantity and
quality. As I mentioned earlier, there were 1.28 million
barrels per day of produced water in the Powder River,
and that was in 2000.
Water quality issues include the composition of the
produced water, which influences how to dispose of it. In
a coalbed methane reservoir, composition is controlled by
the association of water with the gas phase, which contains carbon dioxide and methane. Produced water typically contains sodium, bicarbonate, and chloride. It’s
generally low in sulfate, and the total dissolved solids
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will often increase with depth. This is another reason
why shallow coalbed methane reservoirs are desirable.
The total dissolved solids in the Powder River Basin
ranges from 370 to nearly 2,000 milligrams per liter with
a mean of 840. For a comparison, potable water is 500
milligrams per liter, seawater is 35,000. So this is fairly
fresh water. Powder River Basin TDS increases from the
south to the north in the basin and from east to west.
And this increase was found to be due to water/rock interaction along the flow path or changes in composition of
the ash content of the coal.
The last zone of interest is the zone that links the previous two zones, and that’s surface-to-reservoir. Examples
of surface-to-reservoir communication are as follows:
• Communication from the surface to the unsaturated
sone to aquifer to the coal.
• A shallow coal with no confining layers.
• Fractures and faults connecting coal to the surface or
near-surface.
• A dipping coalbed that outcrops at the surface.
If you recall the vertical cross section of the Powder
River Basin, communication from the surface to the coal
could be an issue.
My last topic is simulation. I merely present this
because simulation is a useful tool to understand current
production and forecast future production. It’s also a way
that we can link the two worlds I’ve kind of talked
about, hydrology and the production of methane. The
requirements for coalbed methane simulation are, multiphase water and methane production, dual porosity, a
desorption isotherm, matrix diffusion of methane, and
the transfer of methane from matrix to fracture.
Now, is a groundwater simulator appropriate for
coalbed methane problems? Although a ground water
simulator can represent water management very well, it
may not be appropriate to handle multiphase flow, dual
porosity, or both. And if a ground water simulator does
have a desorption isotherm, it’s not the appropriate type
of function. Adsorbed gas should be a function of pressure, not concentration, but the isotherms in groundwater simulators are adsorbed concentration versus concentration in solution. Are petroleum simulators compatible
for coalbed methane? Although a petroleum industry
simulator may have all the requirments for CBM, it may
not be able to handle the water management problem. It
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does not handle near-surface hydrogeology or disposal of
produced water.
The next slide shows something that we propose that
may link hydrology and the coalbed methane reservoir.
The coal is the gray layers. The aquitards are the confining layers. An unconfined aquifer stretches up to the
water table near the surface. A confined aquifer is located
between the aquitards. This confined aquifer, shown as a
sandstone, may interact with the coal seams depending on
the extent to which these aquitards are continuous layers.
Surface features integral to disposal of produced water,
such as a stream and an evaporation pond, are also
shown. Other sources and sinks such as precipitation and
evapotranspiration, can be represented. In this integrated
CBM simulation approach we can represent both surface

water disposal and issues related with the CBM reservoir
including hydrogeology and methane production. Such
an integrated approach may be a useful methodology to.
examine fields such as the Powder River Basin where
water management and CBM issues may be linked.
My conclusions are as follows: Coalbed methane is
growing as a source for natural gas. The amount of produced water will increase as the number of wells increases.
The hydrogeology is complex and can involve interaction of
water in the cleats with the coal, interaction of neighboring
aquifers with the coal, surface disposal of produced water,
and interaction of produced water with the subsurface.
Simulation can be a useful tool to investigate production
and water management. And lastly, a method was devel-

oped that can provide coalbed methane and water
management simulation in one package.
Thank you.

federal, state, and local regulatory framework for permitting of cbm development
kate zimmerman, Attorney-at-Law

C

oal Bed Methane (CBM) production has exploded
upon the landscapes of mineral-rich Western states.
Regulatory agencies with responsibility to preserve and
protect natural resources both above and below the surface
are scrambling to find effective measures for ensuring both
the development of this valuable resource and the protection of other values placed at risk by such development.
Few of these agencies, however, have plans or programs specifically designed to address the special concerns posed by CBM production. Perhaps, the best
example of the game of “catch-up” being played by
land use management and regulatory agencies is in the
Powder River Basin (PRB) where industry proposals now
forecast the development of more than 50,000 CBM wells.
Thousands of those new wells will be on federal
lands. This level of CBM development, however, was
never addressed by the agencies charged with managing
Wyoming’s federal lands in either land use plans or environmental analyses.1 The Bureau of Land Management
(BLM) and the Forest Service (FS) are now preparing a
new environmental impact statement (EIS) on CBM
development in the PRB, but the draft EIS avows that
the agencies’ ability to limit or control CBM activity
in the Basin is limited.
Oil and gas leases already have been issued. The
underlying federal leases were issued based upon development scenarios for more “conventional” oil and gas operations, not CBM, but, the agencies acknowledge, it is just
too late to revisit the issue of whether full-field CBM production is appropriate for lands in the PRB. According to
BLM, an oil and gas lease grants the lessee the “right and
privilege to drill for, mine, extract, remove, and dispose of
all oil and gas deposits” in the lease lands, “subject to the
terms and conditions incorporated in the lease.”2 “Once
the land is leased, BLM no longer has the authority to
preclude surface-disturbing activity, even if the environmental impact of such activity is substantial.3

In the State of Montana, where downstream impacts
of CBM development in the PRB are being felt, a moratorium on the issuance of new CBM well permits is in
place pending completion of a new statewide EIS. The
draft was released in January 2002 as a joint effort of
BLM and the State of Montana. It acknowledges that
neither entity was prepared for the CBM deluge.4
The purpose of this article is to explore the regulatory
framework currently in place governing CBM production on federal, state, and private lands in five states of
the interior West: Colorado, Montana, New Mexico,
Utah, and Wyoming.5 The article begins with a discussion of the special land use and management rules that
apply to government lands. The discussion then shifts
to the state and local land use and environmental protection provisions applicable to CBM production on both
public and private lands.
Federal lands
The current framework for approval and management
of CBM activity on federal lands is governed by the
agencies’ fluid minerals6 policies adopted pursuant to
the Mineral Leasing Act of 1920 (MLA).7 Lands managed by BLM, those of the National Forest System,
as well as other lands owned by the United States, are
available for CBM production under MLA.8 BLM is the
principal agency responsible for managing the mineral
estate on all federal lands. Its lands and those of FS
have been most impacted by CBM development thus
far. Therefore, this discussion will focus on the regulatory structures of BLM and FS.
Multiple decisions regarding the availability of lands
for leasing and the conditions of mineral production
precede drilling for any type of natural gas on the federal
mineral estate of BLM and FS. First, land use plans are
developed in accordance with Federal Land Policy and
Management Act (FLPMA)9 and the National Forest
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